NOTICE 


THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 



Report No. UMTA-CA-06-011679-2 


os 


CO 


(7S 


OS 


r- 

CD 

f 


0 

u in 

00 

a 

as 

» cr 


m 


CO 


\ 


rsj 


3 : 


U4 

U 


EFFECTS OF TUNNEL AND STATION SIZE 
ON THE COSTS AND SERVICE OF 
SUBWAY TRANSIT SYSTEMS 


Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 


UJ 4J 
0 / 

3B M 
as >— 

H r- 


CO U O 
^ O < 

o cj a, 
z a; tx. 

CO c s: 


H 

U CO ( 


\ 


^ M rc o 
1*4 -T C <C 

tfci a «H 
c^ U Du u 



DU 


-^ 2 : (O Oi 
CN H 


55 H 

o CO 

t >4 
VO w CO 

r- NQ 


O 

55 


CO H 


0 O < G 

I M rc o 
< H H *H 
U <5? CO 

1 H >• rH 

<5 < =3 

H a Q, 

c Q ro o 
as O Dj 
CO Ou 


NOVEMBER 1979 
FINAL REPORT 


This Document is available to the U-S, Public through the 
National Technical Information Service, 
Springfield, Virginia 22161 


Prepared for 




U. 

V\ 

. A. 




S. DEPARTMENT OF TRANSPORTATION 


Urban Mass Tran spor tot ion Administration 
Office of Rail and Construction Technology 
Washington, D,C. 20590 


NOTICE 


This report is disseminated under the sponsorship of the Department 
of Transportation in the interest of information exchange. The United 
States Government assumes no liability for its contents or use thereof. 

The contents of this report reflect the views of the Jet Propulsion 
Laboratory, California Institute of Technology, which is responsible for 
the facts and the accuracy of the data presented herein. The contents 
do not necessarily reflect the official views or policy of the Department 
of Transportation. This report does not constitute a standard, speci- 
fication, or regulation. 

The United States Government does not endorse products or manu- 
facturers. Trade or manufacturers’ names appear herein only because 
they are considered essential to the object of this document. 

Tiie research described in this report x^as carried out by the Jet 
Propulsion Laboratory, California Institute of Technology, and was 
sponsored by the Department of Transportation through an agreement with 
NASA. 


Tec hnical Report Documentation Pa ge 

3, R»elpt*nt'( Cotolog No. 


1« lUport No, 

UMTA-CA-06-0116-79-2 


2, Govommont Accouion No, 


4, Title and Subtitle 

Effects of Tunnel and Station Size on the 
Costs and Service of Subway Transit Systems 


5. Report Dote 

April 1979 


6, Ptrforming Orgonitotion Code 


7, Authof(i) « . ^ - 

Bain Dayman, Jr. 

9. BsTforming Orgonizotion Nome ond Address 

Jet Propulsion Laboratory 

California Institute of Technology 

4800 Oak Grove Drive, Pasadena, CA. 91003 


8. Airforoiino Organization Raport No. 

JPL Publication 79-67 


10, Work Unit No. (THAIS) 


n, Controct or Grant No. 

DOT-AS-60019 


12. Sponsoring Agency Nome ond Addreu 

U.S. Department of Transportation 
Urban Mass Transportation Administration 
Office Rail and Construction Technology 
Washington. D. C, 20590 


13. Type of Report ond Period Covered 

Final Report 


14. Sponsoring Agency Code 


15. Supplementary Notes 

Technical Effort accomplished under NAS7-100. 
was the UMTA monitor. 


Mr. Gilbert L. Butler 


16. Abstract jhis brief study was initiated by the Office of Rail Tech- 
nology and Construction of UMTA in DOT to determine the feasibility of 
less spacious, hence less costly underground rail mass transit system 
designs that would adequately meet a wide range of requirements. The 
two elements considered are tunnels and stations, both located in 
favorable geology. 

The major cost saving expected from alternative tunnel designs (up| 
to six million dollars per route mile) results from using pre-cast 
concrete segment liners in place of steel. The saving expected for a 
two-foot decrease In the diameter of twin, single-track tunnels is 
about two million dollars per route mile from 13 million dollars for 
pre-cast concrete segment liners (a saving of about 16%). The cost 
per route-mile of a double-track tunnel appears to be 15-25% higher 
than for the twin, single-track tunnels. | 

The effective cost saving expected from stations with four-car I 
train capability instead of the usual eight-car trains is substantial; 
nearly one-fourth or seven million dollars per station (or per route- 
mile since the average spacing is about a mile). The saving in station 
costs can be obtained while improving service to the user (lower 
transit time and less waiting for trains) up to a capacity of 36,000 
riders per hour in each direction. 


17. Key Words 

Subway Designs, Low-Cost Subway 
Design, Tunnel Costs, Underground 
Station Costs, Short Station, 
Over/Under Stations 


18. Diftribution Stotomont 

Document Is available to the U.S. 
public through the National Tech- 
nical Information Service, 
Sprlrsfleld, Virginia 22161 


19, Security Clowif, (of this roport) 

20, Security Ctauif. (of this page) 

21, Nog of Pogei 

22, Price 

Unclassified 

Unclas rifled 




Form DOT F 1700. 7 (8-72) 


PREFACE 


Caution should be exercised in using the absolute values of the 
cost compatisons in this report. The exact levels for an actual transit 
system are subject to the many realistic conditions that exist at that 
time and place. However, the cost estimates upon which the analysis 
of this study is based are consistent with each other. Therefore, use 
of the percentage differences of the various cost comparisons would be 
the preferable approach when applying these results to the design of a 
new system. 


iii 




PAGE 


pi.ank not filmed 


UNIT CONVERSIONS 


ij 





in ('•) 


2.5A cm 

ft (’) 

m 

0.3048 m 

ft2 

SI 

0.0929 

yd^ (oy) 

= 

0.7646 m^ 

mi le 


1609.3 m 

mph 

s 

1.6093 km/hr 


iv 


CONTENTS 



I. INTRODUCTION 1 

II. BACKGROUND 2 

III. TUNNELS 5 

A. BASIC COST INFORMATION 5 

1. Engineering Estimates 5 

2. Bid Prices 6 

3. Cost of Tr.insit Tunnels 11 

B. SIZE CONSIDERATIONS 12 

C. TRADE-OFF ANALYSIS 12 

1. Energy Costs 12 

2. Effective Cost of Guideway 14 

IV. STATIONS 19 

A. BASIC COST INFORMATION 19 

B. SERVICE ASPECTS 20 

1. System Speed 20 

2.. Headway and Station Dwell Time 21 

3. Capacity 24 

C. TRADE-OFF ANALYSIS 24 

1. Cost Elements 24 

2. Effective Cost of Stations 27 

3. Reserve Capacity 29 

V. CONCLUSIONS 31 

A. TUNNEL DIAMETER 31 

B. STATIONS 31 

C. SERVICE ASPECTS 32 

VI. REFERENCES 33 

APPENDIX A - TUNNEL COSTS ESTIMATES, UNDERGROUND 

TECHNOLOGY DEVELOPMENT CORPORATION A-1 

APPENDIX B - TUNNEL COST ESTIMATES, A.A. MATHEWS, INC B-1 



V 


'1 




LIST OF FIGURES 


1. Comparison of Subway Tunnel Diameters 4 

2. Basic Designs of Guideways for Which Cost Estimates 

Were Made 6 

3. Cost Estimates for Various Tunnels (Converted to 

Mid-1977 Dollars) 10 

4. Cost Estimate for Transit Tunnels in Favorable Geology 

(Mid-1977 Dollars) 11 

5. Effect of Tunnel Diameter on Energy Requirements 

(Per Hour Per Route Mile) . 15 

b. Savings in Cuideway Costs as a Function of Tunnel 

Diameter 17 

7* Relative Costs of Underground Stations ns a Function 

i>f Si;^e . . . . 19 

8. Efft‘(’t of System Top Speed on Average Speed Between 

Ad Jac’ent Stat ions 21 

9. Average Block Speed 22 

10. Over/Under Station Design (400-f t Overall T-cngth - 

300-ft-Long Platform) 23 




Vi 


LIST OF TABLES 


!• Characteristics of Underground Stations 3 

2 , Characteristics of Tunnel Guldeways 3 

3. Cost Estimates of Various Tunnel Designs and Diameters. . . 7 

A. Bid Costs of Tunnels for the Metropolitan Water District 

of Southern California 8 

5. Bid Costs of Tunnels for the Los Angeles County 

Flood Control District 9 

6. Considerations of Tunnel Size 13 

7. Tunnel Dimensional Characteristics 14 

8. Effective C.ost of Transit Tunnels 16 

9. Cost Estimates of Ventilation Shafts 18 

10. Total Number of Operable Trains (36,000 Riders 

Per Hour Per Direction) 25 

11. Effective Yearly Cost of Drivers ($10^) 

(36,000 Riders Per Hour Per Direction) 25 

12. Cost of Total Number of Cars ($10^) 

(36,000 Riders Per Hour Per Direction) 26 

13. Cost Estimates of Underground Stations ($10^) 27 

14. Life-Cycle Cost Comparisons of Systems Having Different 
Lengths of Station Platforms (80-mph Systems Having 

36,000 Riders Per Hour Per Direction Maximum Capacity) ($M) . 28 


1 



vii 


SECTION I 


INTRODUCTION 


Recent designs of U.S. rail mass transit systems are similar in 
approach for meeting the primary service requirements of capacity, 
headway, and average travel speed. They use long trains with high- 
performance capabilities, operating in large-diameter, single-track 
tunnels on headways of no less than three minutes with long station 
dwell times. This philosophy results in a high cost system. The high 
capital costs incurred by these recent systems have caused problems in 
obtaining funds for additional systems and expanding current ones. This 
raises the following questions: How much savings can be obtained by 

designing systems having smaller tunnels and stations? Wliat are the 
effects on service of sucl» less pretentious systems designs? 

This study was Initiated to provide some insight to the above 
questions. Tunnel cost data were generated specifically for this study 
to examine the effects of tunnel diameter on costs in a favorable 
geology, like the Los Angeles (L.A.) basin. Other pertinent cost esti- 
mates and actual bid costs were used to develop a realistic cost model 
which included the cost of electrical energy as a function of tunnel 
diameter. Existing cost estimates for underground stations with plat- 
forms of various configurations were combined with the ciipital costs 
and operations of trains to develop a cost model for stations. Then, 
the cost and service aspects of a number of less pretentious systems 
w€'re compared to those of recent design with high cost. In addition, 
since energy conservation is of great current and future concern, 
several approaches capable of decreasing electrical energy are included 
with brief comments. 
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SECTION II 


BACKGROUND 


All recently designed U.S. subway systems, some already In at least 
partial operation, have long station platforms that can accommodate 
trains of eight to ten cars and tunnels about 16*3 ft. In diameter. T'he 
theoretical maximum capacity of such large stations is in excess of 
70,000 riders per hour in each direction. However, the actual use is 
substantially less. Even if the use would eventually approach the full 
capability, It is not clear that it would be In tht' best interests of a 
system lo have such high corridor and station concentrations of riders. 

It may be preferable to spread out the system in the manner of the 
London Underground or the Paris Metro which have less capacity but more 
routes. A comparison of the stations of the recently-designed U.S, 
systems with New York and London is made in Table 1. It is clear that 
the maximum attainable capacities of the new U.S, systems are substan- 
tially greater tlian the actual maximum requirements of the current, 
long-established systems located in the densely populated cities of 
New York and London. 

rhe characteristics of the tunnel guideways of the newer U.S. sub- 
way systems ari' shown in Table 2 with similar information on smaller 
si/.e fore ign systems. The tunnel diameters of the U.S. systems are 
suhstant ially larger than those in the United Kingdom. With the U.S. 
tars about ft. in width and 10*3 to iVi ft. in height, it is net 

appariMit that the car size is the controlling reason for the 16'8* 
tunnel diamt‘ters. 

KvtMi if it wc‘re, perhaps a satisfactory car design can be made 
with somewhat decreased dimensions so that smaller tunnel diameters are 
practical. Cross-sections of the tunnels occupied by a car from these 
systt»ms are shown to scale in Figure 1. It sliould be noted that the U.S. 
places heavy reliance on steel or poured concrete to line tunnels 
rather than tlie less costly, pre-cast concrete segments. 

The guideways and stations are major cost elements of a subway, 
rapid rail transit system, about a half and a third, respectively, of 
the overall cost (Reference 1). Since the construction costs of these 
two elements arc related to the excavated volume, it is worthwhile 
to look at the relationship between size (volume) and construction cost. 
Also, the operational consequences of the volume of these elements 
should be examined to put the cost comparisons in the proper perspective. 
This study investigates these issues. 


Table 1. Characteristics of Underground Stations 




Capacity 

(Riders/Hr/Oirection) 

Location 

Platform Length 
(ft) 

Maximum^ 

Actual'^ 

San Francisco 
Oakland (BART) 

700 

90,000 

22,500 

Washington, D.C. 
(WMATA) 

600 

72,000 

36,000 

Atlanta (MARTA) 

600 

72,000 

- 

Baltimore (MTA) 

600 

72,000 

- 

New York (NYCTA) 

525-625 


62,000 

London^ 

435 

45,600 

45,600 


Assuming 75 ft long cars carrying 225 riders each at crush condi- 
tions with trains operating on 90 sec headways, 

2 

Assuming 55 f t long cars carrying 150 riders each at crush condi- 
tions with trains operating on 95 sec headways. 

SiART minimum headways are 6 rain.; WMATA are 3 min. 


Table 2. Characteristics of Tunnel Guidcways 


Local ion 

Tunnel 

Tunnel Liner 

Diameter 

(ft) 

Material 

Texture 


WMATA 

MARTA 

Baltimore 

London 


Steel Ribbed 

(or Poured-In-Place Concrete) (Smootli) 


16*8** 

16’8** 

16 * 8 ** 

12’7‘» 


Steel 

(or Poured-ln-Place Concrete) 
Steel 

Pre-Cast Concrete Segments 


Ribbed 

(Smooth) 


Smooth 


Gla*:gov 


ll* 


Steel 


Ribbed 

























SECTION III 


TUNNELS 


The major effort of this study w.as to look at the cost of bored 
tunnels related to their design and diameter. Cost estinwilcs were made 
espeelally for this study by an experienced consulting engineering firm 
(Keference 2) which should be comparable to similar estimates nude 
previously (Reference 1). To establish absolute level credibility^ 
actual tunnel bid prices experienced by the hos Angi'les Area Metropoli- 
tan Water Distrli't (Keference 3) and Flo»>d Control District (Reference 4) 
are included. Tiie estimates t>biained from the <<msulting englnt‘ering 
firms are based upon a fav<irabU* hyp<nhetlcai geology^ like the a(tual 
I., A. basin situation. 


A. BASIC COST INFORMATION 

1. Kngineerlng Kst imates 

Tlie Ci)sl estim;itcs of Reference 2 were based on four tunnel di*signs: 

(a) side-by-slde twin single-traek tunnels; (b) over/under twin single- 
trac'k tunnels; (c) single-bore over/undc*r lunm ls; (d) and a donhh*- 

l raek tunnel with and witlu>ut a dividing wall. In addition, i^ff^'cts oi 
small ehnnges in the tuntu‘1 diameter t^n the ct>si were estimati’d ior \a), 
(h) and (d). The c<>st estinuUes of Reference 1 were for only (a) and 

(b) hut ltu'ludt‘d a steel liner and the pr<‘-east concrete segmenls- 
type liner considered in Keference 2, However, the ct>ncreie segment 
liner designs of Refer* nee 2 differ from those in Reference 1. Kxierpls 
fn>i.i llu‘ tunnel cost estinuUcs of Referent e I and 2 are included as an 
appendix to tliis report. 

Sketches indicating types of tunnels considered and liner design 
ft'aiures are shown in Figure 2. Note the significant differences in 
design tO pre-cast concrete segment liners for thi* twin timnels betwec!i 
References 1 and 2. The design of Refertnu'c 2 incorporates the basic 
invert and walkways as part of the actual liner. The design of Refer- 
ence 1 ri'cpilrcs ;in additional pass to pour the basic invert and walkway, 
it was not the intention of either cost estimate to come* up with an 
optimum design; the nuiln purpose was to obtain a base cost from which 
diffiTences could be flgurid for various changes such as diameter, type 
of liner and tunnel design, and inclusion of a 10 percent grade* for 
dipped guideway. With that as a cavc*at, the cost estimates are shown 
in Table 3. The costs of the single track tunnels were doubled to be 
comparable with the costs of the double-track tunnels. 


*48% of boring distance 
44% of boring distance 
8% of boring distance 


is in sedimentary rock. 

Is in alluvium above water tabU*. 
*s In alluvium below water table. 
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Figure 2. Basic Designs of Guideways for Wliich 
Cost Estimates Were Made 


The cost estimates of References 1 and 2 differ for the same basic 
types of tunnels in the same specified geology. Two causes readily stand 
out: 1) the two-pass* liner design of Reference 2 vs the three-pass 
of Reference 1; 2) in Reference 2, the prime construction contractor 
planned to build the liners; in Reference 1, the liners were to be 
procured on a separate contract, hence additional expense. 

These two account for about two-thirds of the difference. The 
magnitude of the remaining difference is quite normal for separate esti- 
mates on the same project. 


2. Bid Prices 

A considerable number of tunnels of sizes suitable to transit 
tunnels have been built in the Los Angeles basin by both the Metropoli- 
tan Water District of Southern California (MWD) and the Los Angeles 
County Flood Control District (FCD) . The MWD tunnels are the most 
closely related to transit tunnels because of the range of diameters 


*A pass is defined as the number of times a crew must work their way 
through the tunnel during the construction process. 
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Table 3. Cost Estimates of Various Tunnel Designs and Diameters 


Configuration 



Type of Tunnel 
(Bored) 

Type of 
Liner 

Size 

Cost/ 
Lin. Ft. 
(2-Dir.) 

Horiz. Twin 
Single Track 

I\,CS 

14'8" D 

2420 

Horiz. Twin 
Single Track 

PCCS 

16'8" D 

2660 

Horiz. Twin 
Single Track 
w. (100’ - 
10%) Dip 

PCCS 

16’8" D 

2824 

^Vertical Twin 
Single Traci: 

PCCS 

i6’8" D 

2660 

*Single-Bore 

Over/Under 

PCCS 

29'6" H X 
19'7" W 

2940 

Double Track 

PCCS 

30' D 

2314 

Double Track 

PCCS 

33' D 

2466 

Double Track 
with Dividing 
Wall 

PCCS 

33’ D 

2491 

Horiz. Twin 
Single Track | 

PCCS 

IA'8" 

3234 

Horiz. Twin 
1 Single Track 

i 

PCCS 

16'8" 

3474 

Horiz. Twin 
Single Track 
w. (100* - 
10%) Dip 

PCCS 

16'8" 

3600 

*Vertical Twin 
Single Track 

PCCS 

16'8" 

3600 

Horiz. Twin 
Single Track 

Ribbed 

Steel 

16'8" 

4674 




^Matches over/under stations. Tf side-by^-side stations are used, costs 
would be higher. 


PCCS - Pre-Cast Concrete Segments. 















(12^ - 20H ft.) and lengths (4000 - 30,000 ft.). However, the MWD water 
tunnels have concrete linings that are thicker than required for transit 
use in order to withstand the pumping pressures. Corrections have been 
made for this in arriving at cost and internal diameter figures that 
are appropriate for transit tunnels. The pertinent MWD data (Refer- 
ence 3) are shown in Table 4, with the corrections discussed above as 
well as those to roid-1977 dollars. 

A representative sample of FCD data (from Reference 4) appears in 
Table 5. Tt has been adjusted to mid-1977 dollars to be comparable to 
the estimates (Reference 1) made specifically for this study. The 


Table 4. Bid Costs of Tunnels for the Metropolitan Water District 

of Southern California 


Tunnel 

Newha 1 1 

— 

Castaic 
#1 & #2 

Balboa 

Outlet 

San 

Fernando 

Source 

Bid year 

1966 

1967 

1968 

1969 

Ref. 3 

Length (ft) 

26,000 

18,500 

3,800 

29,100 


Bore Diam. (ft) 

26 

26 

16 

22 


Finished Diam. (ft) 

20‘^ 

20*5 

I2h 

18 


Cost per ft ($) 
(Bid Year) 

1011 

870 

398 

670 


(T.T Correction Factor 
to Mid-1977 

2.73 

2.56 

2.18 

2.28 

Engineering 

News-Record 

Cost per ft ($) 
(Mid-1977) 

2758 

2279 

869 

1529 


Finished Diam. (ft) 
corrected to 
transit tunnel 

24 

24 

14*5 

20 

This study 

Cost per ft ($) 
corrected to 
transit tunnel* 

2460 

2058 

816 

1346 


*Includes : 






Correction for 48' D 
construction shaft 

-77 

- 

[ 

j 

-69 


Correction for less 
concrete 

-221 

-221 

-53 

-114 

1 

























Table 5. '^Id Costs of Tunnels for the Los Angeles County 
Flood Control District 


1 

Project 

1 

Length 

(ft) 

Cost Per 
ft ($) 
(Bid Date) 

Bid 

Date 

CCI Correction 
Factor To 
Mid-1977 

Cost per 
ft ($) 
(Mid- 
1977) 

146 

144 

646 

247 

9-53 

4.75 

1,173 

62 

141 

198 

432 

4-55 

4.46 

1,926 

59-1 

123 

2,688 

200 

10-56 

3.42 

684 

65-1 

144 

362 

550 

10-56 

4.07 

2,237 

84 

213 

114 

1,042 

12-56 

4.08 

4,252 

Sycamore 
Scliol 1 s 

192 

1,951 

772 

6-58 

3.67 

2,832 

67-2 

138 

155 

473 

9-59 

3.40 

1,677 

55-1 

144 

906 

250 

10-59 

3.41 

853 

480-3 

138 

837 

512 

1-62 

3.17 

1,624 

1701-1 

144 

144 

571 

8-67 

2.49 

1,422 

Santa Anita 

lOS 

700 

652 

4-68 

2.50 

1,630 

6502 

123 

1,010 

400 

4-/0 

2.29 

916 

1105-2 

123 

6,002 

401 

4-70 

2.29 

918 

5241 

120 

1,529 

410 

5-70 

2. 29 

940 

Chino 

Creek 

192 

570 

959 

6-71 

1.87 

1,792 

1109-2 

172 

2,245 

630 

12-71 

1.75 

1,103 

1102 

185 

2,992 

1,032 

7-75 

1.18 

1,214 














TUNNEL I.D. (fr) 

Figure 3. Cost Estimates for Various Tunnels (Converted to Mid-1977 Dollars) 




corrected MVID and FCD bid cost data are shown in Figure 3 along with cost 
estimates of References 1 and 2. Also shovn is a curve that FCD feels 
is representative of their data. The bid cost data, for the most part, 
are the final costs, and consequently are indicative of the actual 
situation in Los Angeles basin type geology. 


3. Cost of Transit Tunnels 

In establishing a tunnel cost curve for this study, heavy preference 
was given to the MWD data and that of Reference 1. The FCD costs are 
relatively high because of the short lengths of tunnels. The reason 
that data of Reference 2 Is believed to be higher than that of Refer- 
ence 1 has already been discussed. With this for guidance, a cost curve 
which is thought realistic, was generated on the semi-log plot of Fig- 
ure 3 and transferred to the conventional linear plot in Figure 4. The 
cost curve of Figure 4 was used as a basis for comparing the effect of 
finished diameter on the cost of bored transit tunnels in L.A. basin 
favorable geology. Construction Cost Index (CCI) figures were used to 
convert costs from one period to another period in time. 

A structurally-sound dividing wall is an appreciable part of the 
cost of a tunnel (5 percent), about $125/ft. for the 33 ft. ID tunnel. 
Therefore the inclusion of it requires considerable study. Factors which 
must be considered include safety and ventilation. In a dipped system 



Figure 4. Cost Estimate for Transit Tunnels In Favorable Geology 
(Mid-1977 Dollars) 
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(described in Reference 1) in which mid-line vent shafts for temperature 
control are not needed, it is necessary to provide a nearby safe area 
in case of fire In a tunnel. This exists for twin single-track tunnels. 
But, in the case of a double-track tunnel, a dividing wall is necessary 
to provide for this need; it also improves the temperature control 
aspects of the system. 


B. SIZE CONSIDERATIONS 

Although the cost of a bored tunnel is related to its size (diam* 
etcr), there are a number of construction and operation-related implica- 
tions that must be considered before making a rational decision on 
tunnel size. A list of the more apparent ones are in Table 6. 

This list is not all inclusive. Further study may turn up 
some other significant considerations of tunnel size that must be 
included in the process for selecting the tunnel size. It is not che 
purpose of this study to perform an evaluation of these considerations, 
but rather to identify them. The effort of this study was limited to 
the effect of the tunnel diameter on the capital costs of the guideway 
and of the electrical energy. Those are discussed in the following 
section. 


C. TRADE-OFF ANALYSIS 

Based upon the assumed favorable geology, a preliminary trade-off 
analysis was made of the equivalent lifetime cost of tunnel size. Only 
two considerations from the list in Table 6 are included in this study: 
tunnel cost and electrical energy for propulsion. 

To proceed with the analysis, the first step is to quantify the 
significant dimensional characteristics of the tunnels. They c^re shown 
In Table 7. It is interesting to note that the blockage ratio (ratio 
of train frontal area to net tunnel cross-section area) for the small 
double-track tunnel (30 ft. D) with a center dividing wall is appre- 
ciably less than that for the large (16’8**) single-track tunnel. The 
environmental aspects of this are discussed in Section III-C2. 


1. Energy Costs 

To estimate the electrical energy cost, information from Refer- 
ence 5 is used. It is based upon six-car trains attaining a top speed 
of 60 mph between stations 5000 ft. apart. The electrical energy con- 
sumption is 1441 kwh per hour per direction for trains with 50 percent 
blockage running in 16*8** D tunnels on two-minute headways. The con- 
version factor to 4 car trains is 0.667 while that to 80 mph attained 
speed is 1.425 giving a combined correction factor of 0.95 to convert 
data to conditions assumed for this study. In adHition, correction 
factors from 1.066 for 12^^ ft. D tunnels to 0.958 for 36 ft. D tunnels 
for the same frontal area cars must be applied. For the base case of 


i2 


Table 6. Considerations of Tunnel Size 


1. 

Construction 


a. 

Cost 


b. 

Interference with subterranean structures and utilities 


c. 

Surface settlement 


d. 

Surface traffic to haul muck and construction supplies 

2. 

Design 


a. 

Vehicle size 



(1) Revenue 

(2) Maintenance i 


b. 

Turn rad Ills of guideway 


c. 

Culdeway power voltage level and pick*" up mode 


d. 

Post-const ruction addition of equipment in tunnel 

3. 

Operation 


<1 • 

Power required to overcome aerodynamic resistance 


b. 

Piston-effect on air velocity in station. 


C. 

Pressure pulses 



(1) System users (especially aboard trains) 

(2) Wayside structures and maintenance personnel 


d. 

Noise 



(1) Riders aboard trains and In stations 

(2) Transmission to outside of tunnel 


e. 

Walkways 

[ 


(1) Maintenance during operation 

(2) Evacuation of users 

(3) Access by emergency crews 


f. 

Psychological effect on users 
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Table 7. Tunnel Dimensional Characteristics 


Diameter 

Area 
(ft 2) 

Dividing 

Wall 

Blockage 
Ratio » 

(Z) 


Gross® 

Net 



IA'8" 

168 

155 

NA 

65 

16 ’8" 

218 

200 

NA 

50 

30’ 

706 

520 

No 

19 

30' 

706 

250* 

Yes 

40 

33’ 

854 

660 

No 

15 

33’ 

854 

315* 

Yes 

32 


I4A - Not Applicable 
* - Net in each direction 

// - Assumin>; trains are not decreased in frontal area for 
smal Ler tunnels 

0 -- Based on tunnel internal diameter 


this St tidy, 2944 kwh per hour are required per route-mile for operation 
of trains on two-minute headways in two directions» including station 
air conditioning. The variation with tunnel diameter is shown in Fig- 
ure 5, Ni>tc that the variation of electrical energy is at most only 
’ percent from the base case of 16’ 8" D twin-bore tunnels. That varia- 
tion would be even less if the train frontal area was affected by the 
tumu*1 diameter, a very likely situation. The base cost of electrical 
energy per year per route mile is about $0.54M assuming five cents per 
kwh and 300 trains per direction per day. 


2. Effective Cost of Guideway 

Tlie t* \ia of Figure 4 (tunnel costs) and Figure 5 (energy require- 
Tv. ts) were u‘-ed lo estimate the effective or life-cycle cost of a 

.deway as a function of tunnel diameter. In order to do so, the cost 
o\ electrical energy per year was determined and then given a present 
worth value (equivalent capital cost). The yearly cost of energy at 
cents ‘ kwh was on the order of $0.54M, The differences in the 
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Figure 5. Kffect of Tunnel Diameter on Energy Requirements 


(Per Hour Per Route Mile) 

equivalent capital costs (ten times the yearly cost*) were added to the 
construction costs of the tunnel guideways. Table 8 shows the calcula- 
tii>n proct‘dur€^ and tht* effective costs. Effective cost curves arc 
sht)wn in Figure 6 for throe guideway configurations: twin single-track 

tunnels; and single dotib I e-track tunnel with and without an impervious 
vertical dividing wall betwet^n th(‘ two directions of travel. The 
variation in capital cost a;: a Vunction of tunnel diameter is virtually 


*Slnce a variation in the capital cost of an element of a subway system 
nff(^cts the yearly operational cost, it is necessary to determine the 
life-cycle cost to make realistic comparisons. The life-cych‘ cost is 
made up of the capital cost and the present worth of the ant icipnted 
annual c.ostc. Assuming constant annual costs in current dollars, the 
’’present worth factor” to bo applied to the annual cost is the inverse 
of the assumed discount rate for an Infinite lifetime. 

Using tlie customary 10% discount rate, the ’’present value factor” is 
9*2 for a 30-year lifetime period. f’or simplicity, a factor of 10 is 
used throughout this study for determijiing life-cycle costs. 
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per hour in each direction reaching 80 roph. 

V f- S ^ ^ ^ ML “ 



Figure 6. Savings In Guideway Costs as a Function of 
Tunnel Diameter 


all due to the ec: 'truction cost. The energy cost has little effect on 
I he effective tue:u J cost. The life cycle energy cost varies by less 
than |fi percent of the construction cost (except that it is 4 percent 
ft»r the 12'8** D tunnel* but would bt» lower if the car were sized as 
the tunnel diameter varied. 

In tite favorable geology assumed for this study* the cost of a 
double-track tunnel (33 ft. ID.) is noticeably higher (about 17 percent) 
tiian the equivalent width twin* single-track tunnel guideway (16’8**)» 

The cost is even greater (another 6 percent) if a dividing vail is 
incorporated in the double-track tunnel. Hi>wever* one muat exercise 
caution in using the cost-saving information of Figure 6 which is 
based upon the cost curve assumed in Figure 3. Since no tunnels larger 
than 27 ft. I.D. have been constructed In the L.A. basin* it was not 
possible to evaluate the relative cost estimates of Reference 1 for 
tunnels having finished diameters of 30-36 ft. 

The cost saving of smaller diameter single-track tunnels Is sub- 
stantial. A decrease in diameter from 16*8** to 14*8** results in a cost 
saving of nearly 16 percent (over $2M per route mile out of $13. 3M 
which includes the effective life cycle cost of the electrical energy). 
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Alchnttfh tV\H is a significant savings* it must be weighed against the 
other i.irtors related to tunnel sixe listed in Table 6. 

shown in Fi,*^ure 5* the effect of tunnel diameter upon the elec- 
tric; energy is rmnP, less than 15 per ‘cnt in going from twin single- 
irark 12*C” D tunnels to 36 ft. D double-track tunnels. If saving 
eleclriral energy is a primary concern* several other approaches can 
lu* fonsi derod. One is to decrease the system speed. A decrease from 
80 mph lo 50 mph would rut tie energy requirt»ment in half* but with 
tlu ponalfy of Im’roasiug the average travel time of about a fourth 
(Reference I). This increase could be unacceptable if the subway system 
must compete with private vehicles using a freeway system. 

i-r approach which also can decrease the energy requirement by 
half is to Incorporate p.ravity assist between stations by dipping the 
giiideway somi lOQ ft. using 10 percent gradi s (6 percent grades would 
save about 40 percent of the energy). Further details on this approach 
can fouiul in Reference 1. It is worth nt>t Ing iliat an alternative 
use t>l sticli gravity assist Is to decrease transit time between stations 
bv 4>ver 10 percent with about 16 percent less electrical energy than for 
thi* level (o) consi.mt grade) guideway. Hrakitig energy of sucli a dipped 
system Is isily 15 pt*rceni of that for a level system. 

The effr'ct of tunnel diameter on the costs of Hems other than 
cuvi/,y are not inc luded in this analysis. Kxduded were tlu* effects on 
car design (sire)* guiiU^way maintenance, and ventilation. It is likely 
that maintenanci* costs decrease with increasing tunnel cross-section 
ari*a as l h* i “ Is more room I • work in. In fact* if the cross-section 
are;, is qni*e large, then It Is isible to carry out some maintenance 
ciuii tin t *vhh operation. Ar i lu* tunnel cross-section decreases, the 
piston .. ^ ion will Inercase. I’liis iielps tiie control of air temperature* 
but c.in I ri .le excessive drnii ^ In the stations. Ventilation shafts may 
he re'.ulTt i to bring the drafis into tolerance for small cross- 
sect. uil areas or to ass ;t in temperature control for large cross- 
sectional areas of tunnel guldcways. A fairly detailed study is required 
LO determine the effect of tunnel diameter on the number of ventilation 
shafts, . a matter of lnt<*rest* the costs of vent shafts determined 
In Uelcrcnco 1 are shov/n in Table 9. Since these costs can be an 
il*prcc iable ‘.u of the guidoway cost* they must be included to have a 
. .-.iugfii: . ign trade- I'lf study. 


Table 9. ^ost Kstimates of Ventilation Shafts 



Depth 

(ft) 

Cost 

$M 

At Stntio’> 

80 

0.25 

Hotveen 

«0 

1.3 

' ins 




180 

1.85 


OEIOINAL 
(ff POOS 
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SECTION tv 


STATIONS 


The ttations of the never eubvay eysteme in the U.S. (BART, VMATA, 
MARTA, and Baltimore) are quite large. Since etationa arc a aignificant 
portion of the capital costa, conaidcrable savings in future ayatema can 
be obtained by having SMller stations. This swudy looked at smaller 
stations: their cost savings compared to the normal large stations; 
implirationa upon the system capacity (riders per hour in each direction) 
and what could be done to increase the capacity of such smaller stations. 
It is reasonable to consider smaller stations since the actual required 
capacity of the system may be substantially below the theoretical maxi* 
mum capacity (sec Table 1). 


A. BASIC COST INFORMATION 

Cost Information, developed in References 1 and 6, was normalised 
in Figure 7 witere the unity cost ratio represent $18. 2M. Two features 
are apparent. The information on the cost variation due to platform 
length agrees within 5 percent for the two sources (well within the 
.'iccuracy band as each estimate was of the 15-20 percenf type used for 
preliminary design work). The other feature is that the effect of plat- 
form width on the >aation cost is about half again more than that of 
platform length for the same olatform area of the station. 

WIDTH OF aNTER FUTFORM, (H) 

12 U ao 24 » 32 



Figure 7. Relative Costs of Underground Stations 
as a Function of Size 
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The effect of platform width on the station cost can be taken 
directly from Figure 7. However, the effect on station cost of a 
change in the platform length must be adjusted for a corresponding 
change in the guideway length. 

This would not be the average cost of a mile long guideway due 
to all the start up and fixed costs which are included in the guideway 
cost. For the purposes of this study, $1500/route ft. was used (about 
one-half of the average of the two estimates for the base 16*8** D twin- 
bore tunnels contained in Table 3) . 


B. SERVICE ASPECTS 

The service aspects of a rail transit system are defined as the 
capacity, headway, and system effective speed. They are dependent 
primarily on the station design, train performance, and Automatic 
Train Operation (ATO) system. The effect of a change in the station 
platform design and lengLa on the service aspects is the factor con- 
sidered. However, in order to develop a better understanding of the 
consequences of station design, it is first necessary to describe the 
attributes of the system speed. 


I . System Speed 

Station spacing, dwell time, and top cruise speed of a subway train 
on tangent level track (no curves and no grade) are the major factors 
in the system effective speed (average speed from one end of the system 
to the other). Cruise speed and station spacing affect both the transit 
time between stations and the minimum headway. The information in 
Reference I was used to illustrate the effect of system speed (cruise 
speed) upon system effective speed. The average speed between stations 
of varied spacing is shown in Figure 8 for both the 50 mph and 80 mph 
systems. The resulting system effective speed (block speed) as a func- 
tion of station dwell time is shown in Figure 9. The system used is 
tlie hypothetical 23h route mile system described in Reference 1 in which 
the average spacing of the 23 stations is about one mile. For 30-sec 
dwell times, the system effective speed is 344 mph for the 80 mph system 
and 28 mph for the 50 mph one. It is interesting to note that a differ- 
ence in dwell time of 30 sec is roughly equivalent to the 30 mph dif- 
ference ill the two system speeds. 

System speed also affects the minimum safe headway at which trains 
can operate. The primary factor in this is the time or (distance) 
required to come to a stop. The 80 mph system of Reference 1 can operate 
on 90-sec headways with 30-sec dwell time and yet have in excess of a 
30-sec safety margin. This margin permits reasonable requirements for 
an ATO system and still allows adequate time to take care of the problems 
of normal operation, except for excessively long dwell time at the 
stations. A way to minimize dwell times is discussed later. The margin 
for the 50 mph system is just a little more since the difference in 
stopping time is less than 2 sec. at the normal stopping rate of 2 mphps; 
but the safety margin can be increased to 40 sec. if consideration is 
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Figure 8, Effect of System Top Speed on Average 
Speed Between Adjacent Stations 


given for a 3 mphps emergency stopping rate (which is the same as the 
normal stopping rate for the 80 mph system) . 


2. Headway and Station Dwell Time 

Station dwell times of 30-sec* are practical to attain in a normal 
system only during off-peak hours. A normal system is one in which the 
riders leave and enter the train on the same side, using the same doors. 
At peak hours, this time can be as much as 90 sec. Therefore, normal 
systems allow for this by having minimum headways on the order of 
3 min. and, to supply the necessary capacity, use long trains (up 
to 10 cars for BART on 6 min. headways) which results in long, expensive 
stations. 

It is practical to minimize station dwell time at peak hours simply 
by having active platforms on both sides of a train. This allows riders 
to leave the train through doors on one side while riders get on from 
the other side. This is the procedure used in the system at the Tampa 
Bay airport. By delaying opening the doors on the entrance side by about 
3 sec., it has been demonstrated that 20-30 sec, is adequate to empty a 
full load of 125 people and then load up to 125 people (Reference 7), 
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STATION DWELL TIME (sm) 

Figure 9* Average Block Speed 


Although there is a difference between unloading all riders in a full 
car (for an airport system) or just a portion of them (for a mass 
transit system), the "through-loading** principle will greatly decrease 
the station dwell time in a mass transit system. This has already been 
demonstrated in the Sao Paulo system where platforms on both sides of 
the trains are in use at a number of high capacity stations. Dwell 
times less than 30 secs, have been consistently achieved, giving head- 
ways as little as 80 secs, on an operational basis (Reference 8). 

It may not be practical to accomplish through-] oading for a station 
with tracks on a single level because of street-width limitations. But, 
if there were no such limitations, the substantial 20 percent increase 
in the station cost would be a deterrant to through-loading. However, 
through loading can be conveniently provided for in a station with two 
levels (the over/under station described in Reference 1 and shown in 
Figure 10). This two-level station, with platforms on each side of 
the train at each track level is considerably narrower and is somewhat 
less expensive then the normal 55 ft. wide single-level station (having a 
30 ft. wide center platform). For through loading, the single-level 
station would have to be 69 ft. wide to accommodate a 20 ft. wide plat- 
form in the center with a 12 ft. wide platform on each side. The two- 
level station is 45 ft. wide with a 15 ft. wide platform on each side 
of the tracks. 




Figure 10. Over/Under Station Design (<400-ft Overall Length - 300-ft-Long Platform) 


3. Capacity 

As shown in Table 1, the required capacity of the recent systems 
is substantially below that of the theoretical maximum capacity, hence, 
it can be handled by shorter stations. Capacities up to 36,000 riders 
per hour in each direction can be accommodated by 4-*car trains operating 
on 90-sec. headways with 225 riders per car. The 90-sec. headways have 
been shown to be achievable in a practical manner in the preceding sec* 
tion and the 225 riders per car is a normal condition even for the newer 
U.S. systems at peak conditions. 

It should be pointed out that capacities much greater than 
30,000 riders per hour per direction may not be desirable. The London 
Underground (Reference 1) feels that ''apacities in the order of 60,000 
concentrates too many people along a corridor. Their solution is to 
spread out the people by having more lines, and limiting the capacity 
to 45,000. 


C . TRADE-OFF ANAL YS I S 

The effective capital costs of a system as a function of train 
length, capacity, headway, and system speed are estimated. Several 
cost assumptions are required to come up with a cost estimate: the 

cost of train drivers and the differential cost of cars for 50 mph and 
80 mph systems. (The effective capital cost of each driver is taken 
to be $500’\, ten times the yearly cost of $50K which includes all 
burdens as well as salary.) Each car for the 50 mph system is assumed 
to cost 0.9* of one for an 80 mph system, or about $485K (based on the 
$539K per car per Reference 1). 


1. Cost Elements 

The total number of trains required for the hypothetical 23^ route- 
mile system is shown in Table 10, The total number includes the trains 
actually operating on the route, five trains in reserve at the ends of 
the route, and ten percent operating spares (the additional 10 percent 
of unoperative spares are not included in the following table as no 
drivers are required). 

The cost of the train drivers is shown in Table 11. The number 
of drivers on duty per week is assumed to be 2^^ ti?nes the number of 
operable trains shown in Table 10, This factor takes into account the 
two-shift operation each day, spare drivers, peak hours operations, and 
the lower operation during weekends and holidays. The 50K yearly cost 
of each driver covers vacations, sick leave, fringe benefits as well as 
the salary and typical burden costs. 


*If a factor as low as 0.75 is used, the conclusions are not altered. 
The values 0.75 - 0.90 bound the probable cost factors with the high 
end being the more likely. 
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Table 10. Total Number of Operable Trains 
(36,000 Riders per Hour per Direction) 


Dwell Time 
(sec) 



Headway 

(sec) 


60 

90 

120 

180 

240 

20 

87 

595s 

46 

33 

26 

TO 

qSA 

65 

50 

35 

28 



(80) 


(425s) 


40 


705s 

545s 

38 

295s 

60 


8155 

61 

4 35s 

34 


( ) Indicates 50~mph system. Otherwise 80 mph system. 

* Allows for no safety factor 


Table 11. Effective Yearly Cost of Drivers ($10^) 
(36,000 Riders per Elour per Direction) 


Dwell Time 
(sec) 

! 


Headway 

(sec) 


60 

90 

120 

180 

240 

20 

10,88 

7,44 

5.74 

4.13 

3.25 

30 

11.88 

8.11 

6.24 

4.38 

3.49 



(9.99) 


(5.30) 


40 

j 


8.62 

6.81 

4.74 

3.69 

60 


10.17 

7.62 

5.43 

4.25 


( ) Indicates 50-mph system. Otherwise 80 mph system. 


















The cost of the total number of cars, based upon the same maximum 
capacity of 4-car trains on 90-sec. headways is shown in Table 12. For 
example, 8-car trains would run on 180-sec. headways. The numbers of 
cars per train for headways of 60, 120 and 240 secs, come out to be 
fractional (2^, SH, and 10H)< This does not Invalidate the rationale of 
the analysis as corresponding changes in headways would result in integral 
numbers of cars per train. The total number of cars is 10 percent above 
the number of operable ones shown in Table 10. 

Several things are noteworthy In Tables 10 and 11. Although the 
route maximum capacity in riders per hour is the same for each point 
in both tables (namely 36,000 riders per hour in each direction), the 
yearly cost of drivers and the capital cost of trains are sensitive 
to both headway and dwell time. Therefore, increased costs Incurred in 
decreasing dwell time are at least partly offset by the decreased costs 
of drivers and train cars. Also, the cost of drivers Increases with 
decreasing headway while the cost of train cars decreases (although 
there are less cars, there are more trains but of shorter length). The 
additional effective cost of drivers (multiply their yearly cost by 
ten) exceeds the cost savings of train cars. Note that the total costs 
of all the cars and the yearly cost of the drivers for a 50-mph system 
exceed those for the 80-mph system (this excludes the cost effects on 
other parts of the system). 


Table 12. Cost of Total Number of Cars ($10^) 

(36,000 Riders per Hour per Direction) 


Dwell Time 
(sec) 

Headway (sec) 

60 

90 

120 

180 

240 

20 

137.6 

141.1 

145.5 

156.5 

164.4 

30 

150.2 

154.2 

158.1 

166.0 

177.1 



(170.8) 


(181.4) 


40 


167.2 

172.3 

180.2 

186.6 

60 


193.3 

192.9 

206.3 

215.0 


( ) Indicates 50-mph system. Otherwise data are for 80-mph system. 
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The station costs are based upon the estimates in Reference 1. 
Table 13 shows the cost of various stations adjusted for the additional 
lengths of lined tunnel for the shorter stations. 

An estimate of the guideway electrical energy costs» based on 
$600K per year per route mile (described in Section 111 C*2) is $14. IM 
per year. This is for the 80*mph system running on the route-mile 
hypothetical system operating part of the time at a maximum capacity of 
36«000 riders per hour per direction. The energy cost for the 50-mph 
system would be somewhat less than half of that (sec Reference 1) or 
about $6M per year. 


2. Kffective Cost of Stations 

The estimates of the preceding cost elements related to length of 
trains^ liendways and dwell times at a single capacity were combined to 
determine the effective cost of various station sl^e8 (platform lengths). 
Since the current high performance systems utilize long trains on 
’‘relaxed" liendways, the base condition was (1) single-level stations 
with 600 ft. long platforms, (2) 8-car trains running on 180 sec. head- 
ways, (3) speeds to 80 mph, (4) dwell times Co 60 sec. at peak hours 
(giving a maximum capacity of 36,000 riders per direction per hour). 

For convenience, the cost of the one transfer and 22 line stations was 
based on the underlined costs of Table 13 applied linearly to other 
platform lengths. However, it should be noted that for stations having 
platform lengths of 300 ft., the construction cost of the 23 over/under- 
type stations averages nearly $6M (about one-third) less per station than 
the $435M cost of the conventional single-level stations having 600 ft 
long platforms. 


Table 13. Construction Cost Estimates of Underground Stations ($10^) It 


Type 

Number of 
Track Levels 

Platform Length 
(Station Overall Length) ft 

600 (800) 

300 (500) 

300 (400)* 

Line 

One 

18.2 

13.0 

12.2 


Two 

- 

12.4 

11.8 

Transfer 

Two 

34.6 

24.9 

23.2 


Four 

- 

30.9 

29.2 


It Includes cost of extra tunnel length with decreasing station length 


*These stations have utility areas on each end which are only 50 ft 
long instead of the normal 100 ft ones. This Is feasible only if 
dipped guldeways are used because the requirements for electrical 
power and ventilation are considerably decreased. 
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Enough Informaclon has now been developed that life cycle costs 
can be determined for systems having varying station platform lengths, 
but the same line capacity of 36,000 riders per hour per direction. 

The effective cost levels would be altered when all considerations are 
Included. But it is believed that the dominant cost drivers have been 
included, hence the differences are realistic. The effective system 
costs are shown in Table 14. Each is a sum of the capital costs of 
stations and cars, and the effective capital cost of drivers (assumed 
to be 10 times the yearly cost of drivers). The maintenance costs of the 
extra cars have been omitted, but they should l-e proportional to the 
cost difference of the cars. The maintenance r.osts per car for the 
50-mph system Is expected to be somewhat lower than for the SO-mph 
system. Naturally, trains will not be made up of fractional cars. The 
data can be easily adjusted to integral numbers of cars by correspond- 
ing clianges in the headways and platform lengths. 

Tlie costs of the ATO system as a function of headway were not 
included. This is because the difference in costs is small since 
current ATO systems are made to handle hcadw<*)ys down to below 90 sec. 

A relaxation of the headway ATO requirement to 180 sec. will not result 
in an nppreci.able saving (Reference 8). 

At peak capacity, the 8-car system will not be able to operate with 
dwell times under 60 sec. Therefore, the base case for Table 14 has a 
cost estimate of about $696K (8-car trains on 180 sec. headways with 
60 sec. dwell times). The estimated cost of the same system factors 


Table 14. Life-Cycle Cost Comparisons of Systems Having Different 
Lengths of Station Platforms (80-mph Systems Having 
36,000 Riders Per Hour Per Direction Maximum Capacity) ($M) 


Headway (sec) 

60 

90 

120 

180 

240 

Cars per train 

2h 

4 

5H 

8 

lOV, 

Length of station 
platform (ft) 

200 

300 

400 

600 

800 

Dwell Time (sec) 






20 

515.9 

526.4 

555.2 

632.. 0 

714.6 

30 

538.5 

546.2 

(500.6) 

572.8 

644.8 
(588. A) 

729.7 

40 


564.3 

592.7 

662.6 

741.2 

60 


605.9 

621.4 

695.6 

775.2 


( ) Indicates 50-mph system. Otherwise 80-mph system. 





for the equivalent-capacity 4-car ayatem (4-car traina on 90 aec* head- 
waya with 30 aec. dwell titnea) la $540M, aome $1S6M or 22^ percent leas. 
Since Table 14 is for the normal center platform stations, a $6H decrease 
in the $546M was incorporated to account for the lower cost of the over/ 
under stations having platforms on both aides of each train. This per- 
mits through- loading which is essential for keeping station dwell times 
down to 30 sec. at peak capacity operation. The corresponding effective 
savings in cost for a 6-car system (running on 135 sec. headways) would 
be about 11 percent over that of the 8-car system. 

As can be seen in Table 14, the cost for a 50-mph system is about 
9 percent less than that of an 80-mph system for the factors included. 

TC the effective capital cost difference of $81M for the electrical 
energy was excluded, then the cost of the 50-moh system would be larger 
than the 80-mph systems. Hence, the cost of electrical energy and the 
way It is accounted for in tlie life cycle of a rapid rail mass transit 
system must b*' given careful consideration. If the electrical costs 
are Important, then serious consideration should be given to the 
dipped system, especially If transit time is also of great importance. 
This makes the high-speed system the attractive one from a service 
standpoint. 

Additional calculations wre carried out for systems having capa- 
cities from 12,000 to 48,000 riders per hour per direction as a function 
of platform length. The cost comparisons are comparable to those shown 
in Table 14. 


3. Reserve Capacity 

Kven if capacities in excess of what a 2, 4, or 6-car system can 
accommodate (18,000, 36,000 or 54,000 rider per hour per direction, 
respectively) are eventually anticipated, it may not be to the best 
interests of the commuting public and areas adjacent to the stations to 
initially build in the provisions for extending train length at a later 
time. First of all, such increased capacity requirements may never be 
realised. Tf they are not, then considerable initial costs in construct- 
ing stations with long platforms are incurred that will be of no value. 
Furthermore, even if their Increased capacities are realised, that will 
be so for only a fraction of the system. Since the platform length 
of all stations is normally set by the train length required to handle 
the maximum capacity along only a small segment of the system, the cost 
of these lower capacity stations is higher than needed for their speci- 
fic requirements. 

Perhaps it would be better to build the system to handle the capa- 
city expected after 10-15 years of operation. At that time, if it 
becomes clear that extra corridor capacity is required, then additional 
route segments would be constructed that parallel the original route. 

The cost effectiveness of this approach is not clear, but it has a 
number of desirable features. First of all, there will be no waste of 
money constructing a system for a capacity that it will never attain. 
Secondly, should the parallel-route means of extending the capacity be 
required, It will be paid for by those who will benefit from it. And, 
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finally 9 a careful look can be taken at the Inpllcatlona of a heavy 
concentration of capacity along a single line. Is it really sensible 
to carry as many as 72,000 riders per hour per direction along a single 
route using 8-car trains, with up to h^lf that many people using a 
single station? Is it really sensible: \ have that high a concentration 
of feeder buses serving such a high-ca; -city line? Might not It be pre- 
ferable from a surface traffic point of view to spread out the feeder 
buses, etc? 

The direct cost of the subway rail transit system Is not the only 
cost that should be considered. Just as the sociological and economi- 
cal costs to the community should be considered during the construction 
phase (which can be exemplified by cut-and-cover construction vs. 
mining), the same sociological and economical factors should be con- 
sidered when tfie entire mass transit system is In full operation. It 
is n trenendoiis responsibility upon the designers of a rail transit 
system since that system will play an Important role in how a community 
develops. Therefore, considerable thought and planning must be given 
to the design of the final system. 
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SECTION V 


CONCLUSIONS 


A number of signlflcenc conclusions resulted directly from this 
study. Several other cost savings were identified in the text but arc 
not included in this Section because they resulted from previous studies. 
lV>wever, they and others should be seriously considered in the design of 
a subway rail transit system. 


A. TUNNEL DIAMETER 

1. Decreasing the diameter of twin-bore tunnels from 16'8" to 
14'8" would result in a cost saving of $2M out of $11M (lAX). 
Although this is less than the $6M saving per route mile 
reported In Reference 1 in using precast concrete segment 
liners instead of steel. It is nevertheless significant. 

2. The cost of an equivalent size double-track tvinnel (33* D 
vs. 16'8" D) Is about 17 percent greater than that for the 
twin single-track tunnels. 

3. The inclusion of a full-height, center dividing wall for 
safety and/or ventilation purposes will further Increase the 
cost of a double-track tunnel over twin single-track tunnels 
by about 6 percent. 

4. Tunnel diameter has a small effect on the system energy require- 
ments. The use of single, undivided double-track tunnel of 

36 ft. D over twin 12'8" D tunnels will save less than 15 per- 
cent of the propulsion and ventilation energy. This is not 
enough to compensate for the additional capital cost of 
the double-track tunnel. 


B. STATIONS 

Systems designed to accommodate the expected pea!' loads (riders 
per hour per direction) by operating on headways greater than 90 sec. 
are unnecessarily expensive. Considerable savings can be accomplished by 
operating on 90 sec. headways with shorter trains, allowing stations to 
have correspondingly shorter platforms. This is practical as long as 
the shorter trains can handle the peak capacity. The maximum capacity 
of 4-cur trains running on 90 sec. headways is 36,000 riders per hour 
in each direction when there arc 225 riders in each car. 

1. The saving in effective capital cost of stations designed 
for 4-car trains rather than 8-car trains is nearly $7M 
per station (over one-third of the station construction 
cost). This saving includes consideration for changes in 
the required numbers of train drivers and cars. 
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2. Shorter •cation dwall tine also dacraaaea the ayatam coat, 
but to a leaaar degree than ahortcr headwaya. A decreaae 
in direll Cine fron 60 to 30 aec. decreaaea the effective 
•yaten capital coat by over $2N per atation becauae leaa 
traina and drivera are required. 

3. The realiatically achievable capacity of atacions with olatforma 
which can acconmodatc 8*car traina la aubstancially below 
72,000 ridera per hour per direction. Tliia ia becauae 90-aec. 
headwaya cannot be achieved during peak hours since dwell 

tinea can be ns long as 90 sec. for the normal, center- 
platfom configurated station. 

4. It is practical to achieve dwell times of less than 30 sec. 
at peak hours by utiliaing through-loading. The cost of a 
station for through-loading is sonwwhut less th.m the normal 
center-platform station if two-levels-of-trnck design is 
used. 


C. SKRVICE ASPECTS 

When designing a transportation system, Che perceived service 
aspects must be included as a primary design criterion. 

1. Shorter dwell times .and headways improve the service aspects 
and can do so at lower costs. 

a. Shorter dwell times decrease the travel time across the 
system. 

b. Shorter headways decrease the waiting time for the riders. 
They also decrease the congestion throughout the station 
(platforms, escalators, elevators, stairs and the areas 
immediately surrounding the station). 

2. The cost-saving of a system designed for lower speed results 
from the saving of electrical energy and not from the some- 
what less-expensive cars. However, this is accomplished 
with the penalty of longer travel times across the system, 
other factors being equal. A proportional saving In traction 
effort is accompanied by an increase of half that proportion 

in travel time. For the example shown in this study, an energy 
saving of 55 percent Is realized by decreasing the system 
speed from 60-mph to 50-raph, but the average travel time 
across the system is Increased by about 25 percent. Such 
an increase is a deterrent to public, acceptance of the system. 
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APPENDIX A 


TUNNEL COSTS ESTIMATES, 

UNDERCJROUND TECHNOLOGY DEVELOPMENT CORPORATION 
(Excerpts from Reference 1) 


Because Reference 1 is widely available, only the final cost 
estimates of the tunnels for the 23^ route mile system are Included 
in this appendix. 


TABLE A1 

SUMMARY OF CONSTRUCTIOf^ COSTS, SIDE-BY-SIDE TUNNEL 6UIDEWAYS 



$30,210,000 decrease in cost of tunnel 







TABLE A2 
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APPENDIX B 

TUNNEL COSTS ESTIMATES, 
A. A. MATHEWS, INC. 


(Excerpts from Reference 2) 


Since Reference 2 is not readily available, some of the text and 
sketches showing the cross-section of the different types of tunnels 
studied arc included along with the summary tabulation of the cost 
estimates. Considerable details of the estimated costs are contained 
in Reference 2. 
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A. A. MATNMt. IMC. 

ALTERNATE CONCEPTS FOR TUNNEL TRA!1S1T SYSTEMS 
ACTTS 

Pr«par«d by A. A. Mathews* Inc. 

Arcadia, California 

1. Introduction 

The Alternative Concepts for Underground Rapid Transit Systems (Phase 
I) prelininaxy cost estimites were based on conventional side-by-side, single 
track tunnels at approximately level grade, on dipped profile and one tunnel 
above the other. In each estimate the ten^orary and permanent support of the 
tunnels consisted of precast concrete segment liners. Following the excavation, 
the tunnel invert track base concrete was poured in place in one operation, then 
the walkway concrete was poured in place. 

The objitetive of this study is to develop preliminary tunnel designs 
and construction techniques that were not considered in Phase I, and to provide 
a direct comparison with the Phase I twin side-by-side and dipped profile tunnels. 
The comparison study will take full advantage of the different construction 
techniques to determine if there is a cost saving. 

The scope of this study did not permit a design optimization; therefore, 
A. A. Mathews, Inc. selected a specific design for each set of tunnels that was 
felt to be structurally sound and practical to build. There were no stress 
analyses made on the conservative lining approach taken, and it is possible that 
with in depth study, further cost savings could be effected in this area. 

2. Description of Work 

A. Purpose: 

Generate construction cost estimates within a +20% accuracy 
of a detailed cost estimate normally supplied when relatively 
unrestricted by time or funds. 
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DMcriptlon of (fork (Contiautd) 

B. Iho following tunnel conflguretlons were considered In this study: 

1. twin bore, slde>by>slde tunnels, 16' - 8" finished diameter, 

level to 3% maximum grade. 

2. ^In bore, slde-by-slde tunnels, 16* - 8" finished diameter, 

dipped profile with 10% grade out of and into stations at 
naxlmug of 100 ft below stations. 

3. Single bore, oval design for over and under trackways In one 
level grade tunnel approximately 30* high x 19" wide finished 
dimension. 

4. Single bore, twin traclway level grade tunnel approximately 
33 ft finished diameter. 

C. Lining: 

In this study It was considered feasible to manufacture the 
precast concrete segments for tunnel support that would not only 
serve as priariry support, but would also be the permanent support 
and tunnel lining and would be cast with the walkway, curbs, etc. 
as an Integral portion of the ring segments. 

A saving Is made In producing the concrete segments through 
the use of a special machine that uses only one form In which very 
low slump concrete is vibrated to the extent that the form can be 
removed as soon as the vibration Is stopped and the segment Is 
self-supporting at that time. 

The estimates Include costs of backfill grouting behind the 
segMnts and Include one pass through the tunnel after excavation 
is completed to place a screeded Invert leveling course. 
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Dctcrlption of Work (Continued) 

D. A typicAl 5,000 LF section of twin tunnel or e single 5,000 LF 
section of twin track tunnel was selected as being an optimum 
length of tunnel for this study. If there were sections of tunnel 
that were of greater length, the cost per foot of tunnel should 
decrease with respect to equipment rental charges. 

E. The construction methods used to produce the estimates are 
enumerated with the descriptive material attached to each estimate 
and are In general those In common usage together with various 
innovations required to handle the geologic parameters. 

F. Geologic Parameters: 

1. Level tunnels 

a. Sedimentary rock 48% 

b. Alluvium above watertable 44% 

c. Alluvium below watertable 8% 

2. Dipped Profile Tunnels 

a. Sedimentary rock 52% 

b. IVo 100 foot wide faults per mile In rock section. 

c. Alluvium above watertable 36% 

d. Alluvium below watertable 12% 

G. Remarks 

The estimates have been produced in accordance with current 
construction practice and have used only those rates of tunnel 
advance that were felt to be acceptable under the geologic condl* 
tions set forth. 
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DcAcrlptlon of Woik (Cooclnuod) 

G. Rsaarlcs (Continued) 

In three of the varloue tunnel conflguretione, it wee deemed 
neceseery to use tunnel shields with hydraulic am and hoe digging 
arrangenents that can be converted to a rotary cutting head for 
use in the aock sections. In the over and under tunnel section, 
nomal drill and blast methods were used in the rock sections. In 
all cases, the precast support segments were assumed to be erected 
within the tail section of the shield. 

In the three level tunnel sections, diesel locomotives and 
cars were assumed as a means of hauling the excavated spoil to a 
shaft or station where a crane was used to hoist the material to the 
surface, in the dipped tunnel profile an extended conveyor was used 
for spoil removal and a specially built trailer with a load-haul-dump 
vehicle attached to each end of the trailer was used to handle pre- 
cast segments, pipe, men, and other materials. The small amount of 
concrete placed in the tunnel inverts was placed tfith concrete pumps 
fed by agitator cars. It was assumed that concrete was purchased 
at $35.00 per cubic yard. 

The estimates include only the tunnel excavation, spoil disposal, 
support, pumping, backfill grouting, placing concrete invert, and 
mobilisation, plant set up, and demobilisation. 

Mobilisation and demobilisation are estimated as a function of 
the amount, weight, else and type of equipment and varied from 60 
working days on the twin tunnels to 95 days on the 33 foot finish 
single bora tunnel. 
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DAterlpelon of Work (Contlnuod) 

G. RomAtkt (Contlnuod) 

Eieolotion for construction ochodults of up to one year was 
allowed at 7% on all labor, pormanont natsrlal and expandable sup* 
plies. In those estimates covering up to one and one half year 11% 
escalation was allowed on the same items. 

With proper ventilation, strict monitoring and explosion proof 
equipment, explosive gases should present no serious problem in 
excavating the tunnels. The cost of explosion proof equipment is 
somewhat higher than non-explosion proof equipment, but represents 
a SBiall pert of the total plant and equipment required and was not 
considered in this study. 

The attached tabulation of costs indicate that the full circle 
double track 33 foot finish tunnel provides the lowest cost per 
foot of track. 

In all of the four configurations, the daily rate of advance 
used was considerably lower than that used in ACURTS I and was felt 
to be reasonable for the assumed geology. 

The 33 foot circular finish tunnel with side-by-side tracks 
had the lowest cost per lineal foot of finished tunnel for the 
following major reasons: 

Kaquired 29% less time than the dipped profile end 
over and under tunnels, and 19% leas time than the parallel 
level grade twin tunnels. 

The labor cost is 24% less than the over and under 
tunnel and 10% less than the parallel level grade twin 
tunnels. 
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Dtserlptlon of Work (Continued) 

G. Remarks (Continued) 

The permanent material Is little different than the 
over and under tunnel, but is 367. less then either of the 
parallel twin tube tunnels. 

The amount of excavated material in the section used 
for the 33 foot circular aide-by-side track tunnel is 207. 
greater than the over and under tunnel and 38T greater 
than the parallel twin tube tunnels, however, this is more 
than offset by the saving in labor and permanent materials. 

All four schemes have relatively the same costs for 
expendable supplies, equipment operation and equipment 
rental. 

Zt should be pointed out that the 33 foot circular finish 
tunnel section can be revised to an oval shape so that there is 
less excavation and concrete which would produce a further reduc- 
tion in cost. 

If the invert of the 33 foot circular finish tunnel section 
was filled to track grade with stone ballast rather than a poured 
concrete grade as used in this estimate, a further savings can 
be realized. 

As previously indicated, the single bore over and under tunnel 
used a slightly different approach for alluvial excavation than the 
other tunnels and used a drill and blast system in the rock portion. 

For direct comparison purposes, assume that this tunnel is 
excavated in the same manner as the 33 foot finish single bore 
tunnel. With the heavier segments and the need to place the cross 
brace from side to side, the estimated progress would be et 32 
feet per day in the dry alluvium and assume that progress in the 
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OtAcrlptlon of Work (Coaelnutd) 

0. KMMiricA (ConelnuAd) 

rock would bo tho soom ao in tho 33 foot flniih tunnol. Tho total 
tlBO of oxeavatlon would than bo 188 days or 25% loot than tho 
original achono, and produeo a coat of $1,269 par track foot of 
tunnol or $36.00 abovo tho 33 foot finiah tunnol. 

It ahould bo notod that tho ovor and under tunnol ia aaauoad 
to Batch up with ovor and under atationa. If tho atationa wore 
required to bo all on one level, tho coat of tho ovor and under 
tunnola would ineroaao duo to tho extra horixontal and vortical 
curvoa required to match tho atationa. 

Aa altomativoa, oatiaatoa wore made for 14 '•18'* finiah aide* 
by-aido, level grade tunnola and for a ainglo 30 foot finiah twin 
track level grade tunnel. Theao two oatiaMtoo wore obtained by 
uaing tho aane crowa aa in tho provioua oatioMtoa and uaod a alightly 
highar production rate. An oxaaination of tho roaulta indieotoo 
that tho coat waa reduced, and that tho major aavinga occurred in 
potBonont material (concrete) and in tho loaaor amount of apoil to 
haul away. Tho labor coata did not change appreciably and in many 
inataneoa it waa felt that there would bo no change in tho labor, 
particularly in tho indirect coata. 
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